Abstract Open innovation (OI) means that innovation is fostered by using both external and internal influences in the innovation process. In software engineering (SE), OI has existed for decades, while we currently see a faster and broader move towards OI in SE. We therefore survey research on how OI takes place and contributes to innovation in SE. This study aims to synthesize the research knowledge on OI in the SE domain. We launched a systematic mapping study and conducted a thematic analysis of the results. Moreover, we analyzed the strength of the evidence in the light of a rigor and relevance assessment of the research. We identified 33 publications, divided into 9 themes related to OI. 17/33 studies fall in the high-rigor/high-relevance category, suggesting the results are highly industry relevant. The research indicates that start-ups have higher tendency to opt for OI compared to incumbents. The evidence also suggests that firms assimilating knowledge into their internal R&D activities, have higher likelihood of gaining financial advantages. We concluded that OI should be adopted as a complementary approach to facilitate internal innovation and not to substitute it. Further research is advised on situated OI strategies and the interplay between OI and agile practices.
Introduction
Open innovation (OI) and associated free exchange of information about new technologies are recognized as one of the main drivers for collective inventions in the 19th century by Allen (1983) . Two decades after Allen's paper from 1983, Chesbrough's seminal book about OI (Chesbrough 2003) has initiated an unabated interest (Oliver 2010 ) among researchers in innovation management (Huizingh 2011) , economics, psychology, sociology, and also Software Engineering (SE) (Krogh and Spaeth 2007) . The work initiated by Chesbrough (2003) forced both practitioners and scholars to rethink the design of innovation strategies in a networked environment (Huizingh 2011) . The inherent flexibility of software, combined with increase of software cost and value for new products and services, puts SE into the hotspot of OI. Several trends, such as outsourcing, crowd-sourcing and funding, global software development, open source software, agility, and flexibility, challenged the do it yourself mentality (Oliver 2006) . More courageous voices suggested even that closed innovation might have been the exception in the history, characterized mostly by open innovation practices (Mowery 2009) .
OI is a relatively new field of research and a collective theoretical foundation is starting to emerge. Chesbrough (2003) was the first to define OI as "a paradigm that assumes that firms can and should use external ideas as well as internal ideas, and internal and external paths to market, as they look to advance their technology". OI encompasses various activities such as inbound, outbound and coupled activities (Gassmann and Enkel 2004) , and each of these activities can be more or less open. Open Source Software (OSS) is the most straightforward application of OI to software development (Huizingh 2011) , although not the only one (Wnuk and Runeson 2013) . The success of OSS in the last twenty years have ignited and encouraged several new movements for collective innovation such as: outsourcing, global software development, crowd-sourcing and founding.
Despite the wide interest in several domains and the unquestionable potential that OI can bring to the software industry, OI remains greatly unexplored in the SE literature, while in the OI literature extensive interest is given to exploring OSS as one of the ways to incorporate external knowledge and innovation to internal product innovation (Chesbrough 2003) . Similarly in the early days of OSS, many interesting OI initiatives were performed, e.g. opening up software product organizations and utilizing open configurations (Jansen et al. 2012) . However, there is a lack of systematic efforts that focus on summarizing the current state of the literature on the relation between OI and SE. Previous reviews are either not systematic (Huizingh 2011; Wnuk and Runeson 2013) , partly systematic (West and Bogers 2013) or, for example, focus on the history or evolution of OSS or available innovation metrics (Edison et al. 2013) . Moreover, these reviews lack quality criteria to support the interpretation of the results in favor or against OI.
Therefore, we identified a need to systematically review OI research in SE with a specific focus on assessing the strength of the empirical evidence in the identified studies (Ivarsson and Gorschek 2011) , highlighting the current themes and outlining implications for research and practice. For instance, a study might have high relevance (e.g. managerial implications for an industrial scale project), but at the same time have low rigor (e.g. having validity threats and lacking descriptions of the units of analysis). Consequently, these above mentioned needs lay the foundation for a systematic mapping study (Petersen et al. 2008 ) to explore the concept of OI in the context of SE. Specifically, this mapping study makes the following contributions:
1. Identification of the existing themes and patterns in the literature for open innovation in software engineering. 2. Assessment of trustworthiness of the results with respect to rigor and relevance (Ivarsson and Gorschek 2011) . 3. Based thereon, identification of knowledge that may inform industry practice on open innovation in software engineering 4. Identification of the research gaps for further exploration of open innovation in software engineering (Kitchenham et al. 2011 ).
The remainder of the paper is structured as follows: Section 2 presents related work and Section 3 presents the research method (review protocol). Next, Section 4 highlights the results of the search and the analysis the synthesized research, followed by a discussion in Section 5 which results in a research agenda and advice for industry practice in Section 6. Section 7 concludes the paper.
Related Work
Using the study by West and Bogers (2013) , we identified four secondary studies on open innovation (literature reviews) (Edison et al. 2013; Huizingh 2011; West and Bogers 2013; Wnuk and Runeson 2013) , relevant to this study. The studies are summarized in Table 1 .
Are the reviews systematic? Huizingh (2011) and Wnuk and Runeson (2013) conducted reviews on OI, however neither of them is systematic according to the guidelines stated by Kitchenham et al. (2012) . The study conducted by West and Bogers (2013) could be considered partly systematic, since the relevance can be seen in terms of data sources, inclusion/exclusion criteria and data extraction. On the other hand, the review conducted by Edison et al. (2013) adheres to guidelines by Kitchenham et al. (2012) and Petersen et al. (2008) . In this paper, we report a review conducted according to the guidelines by Kitchenham et al. (2012) .
What were the objectives behind conducting reviews? West and Bogers (2013) conducted a review on OI with the main objective to define an agenda for OI research. They classified the studies into three main categories of OI, namely, inbound (outside in), outbound (inside out) and coupled, as suggested by Enkel et al. (2009) . Wnuk and Runeson (2013) performed a study with the goal to propose a SE framework for OI. Huizingh (2011) also focused on exploring the notion of open innovation and on the degree of OI adoption by the firms. The study concluded that the knowledge about how to apply OI and when to do it is still incomplete. Edison et al. (2013) centered their literature study around innovation measurement and innovation management aspects, e.g. definitions, frameworks and metrics. Our study limits its scope to SE and focuses on deriving existing OI themes and patterns using thematic analysis. Moreover, this study also focuses on exploring the strength of evidence under the light of rigor and relevance, and states the further course of action in terms of OI in SE. What were the data sources used in the reviews? Were the used search terms appropriate? Huizingh (2011) neither specified the database, nor the search terms used. Likewise, West and Bogers (2013) did not mention the search terms for their study, but provided the time scope of the survey (between 2003 and 2010) and the list of selected management journals, see Table 1 . Conversely, the study conducted by Wnuk and Runeson (2013) used Inspec and Compendex and the following search terms "Open innovation, requirements engineering, testing, software and methodology". However, the time span for the search is not reported. Edison et al. (2013) used multiple data sources namely, Inspec and Compendex, Scopus, IEEE explore, ACM digital library, Science direct, Business Source Premier (BSP) and performed the search between 1949 and 2010, see Table 1 . Their search terms aim at identifying innovation metrics, measurements, drivers and innovation attributes. Inspired by the previous reviews, we organized our search string into three main categories and employed the inclusion exclusion criteria after the search process, with keywords: i) related to OI, ii) on SE in order to restrict the results to the SE domain, and iii) pertaining to empirical evidence on OI (see Section 3.3). Furthermore, we complemented our search string with backward snowball sampling (Jalali and Wohlin 2012; Runeson and Skoglund 2009) by scanning the reference list of all primary studies, see Section 3.2.
Did the reviews use any quality assessment criteria for primary studies before analyzing their results? Neither Wnuk and Runeson (2013) nor Huizingh (2011) used explicit quality assessment criteria for the identified studies. On the other hand, West and Bogers (2013) included studies that focused on OI as per the definition by Chesbrough (2003) and excluded book reviews, commentaries and editorial introductions. Edison et al. (2013) used a set of questions for quality assessment and to evaluate if a study explains the aims, methodology and validity threats. We used a comprehensive set of guidelines that cover rigor and relevance of studies. We slightly tailored the criteria from Ivarsson and Gorschek (2011) to fit into the scope of this study, see Section 3.4.
How did the reviews extracted data from primary studies? Did they map data extraction with research questions? The data extraction strategy was not reported in three studies (Huizingh 2011; Wnuk and Runeson 2013; West and Bogers 2013) . The information about the mapping between the data extraction properties and the research questions was also absent. However, Edison et al. (2013) described the data extraction strategy which was piloted before the execution to ensure a common understanding among all involved researchers. We created a defined set of data extraction properties, and mapped them on research questions to avoid redundant information, outlined in Table 3 .
How did the reviews synthesize the data from primary studies? Neither of the four studies followed an established procedure for the synthesis, such as thematic or cross-case analysis (Daniela and Dybå 2011; Cruzes et al. 2014) . Instead, West and Bogers (2013) used a self created four phase integrated model (i.e. obtaining, integrating, commercializing, interaction with communities) to guide the literature review and classified studies based on dimensions provided by Enkel et al. (2009) . Similarly, Wnuk and Runeson (2013) presented the synthesis in a table where studies are categorized in terms of research type (e.g. evaluation, proposal, opinion, solution, conceptual etc.) defined by Wieringa et al. (2006) . Moreover, studies were also classified in terms of software techniques, process and methods, and presented a framework to foster OI with technical and methodological dimensions. Edison et al. (2013) presented their synthesis in terms of different types of innovation definitions available in the literature, metrics used to measure innovation, and challenges related to existing innovation measurements. They developed a model to assist organizations to use the available measures to develop insights into their innovation program. Finally, Huizingh (2011) wrote a literature review without synthesis.
In summary, this systematic study aims at exploring the OI in SE in a much more rigorous manner according to guidelines of Kitchenham et al. (2012) , Petersen et al. (2008) and focusing on systematic synthesis of the findings.
Research Methodology
In this section, we present the literature review methodology, based on the guidelines provided by Kitchenham et al. (2012) and Petersen et al. (2008) . The study was conducted in six steps outlined in subsections below: I) identification of primary studies, II) search string development and database search, III) performing including and exclusion criteria, IV) data extraction, V) quality assessment through rigor and relevance, and VI) synthesis and reporting.
Research Questions
The research questions for the mapping study are defined as: RQ1: Which themes and patterns of OI in SE exist in the literature? RQ2: How strong is the evidence in favor of or against OI in SE?
Identification of Primary Studies
In order to identify the primary studies, following steps were performed, see Fig. 1 .
1. Identification of 15 control papers (De Almeida Biolchini et al. 2007 ) from forward snowball sampling (Greenhalgh and Peacock 2005; Jalali and Wohlin 2012 ). 2. Extraction of studies from databases using a search string: 2805 papers were identified using a search string 3. Duplicate elimination at the database level: 305 studies were found to be duplicates, and hence removed. 4. Selection of studies based on abstract, titles and keywords: 2279 papers were not found relevant and excluded. 5. Filtering based on inclusion/exclusion criteria: 194 additional papers were excluded after applying the inclusion/exclusion criteria and 27 papers were found to be relevant and pertain to the scope of this study 6. Backward snowball sampling was applied to scan the reference list of 27 primary papers and enabled us to spot 6 more relevant papers.
We identified 33 studies that directly pertain to the scope of the study. The additional studies found by the snowball sampling confirms the usefulness of snowballing for identification of potential studies missed by database searches. The search string was refined, using the control papers as a benchmark, until the average acceptable level of precision and recall was achieved. A study conducted by Beyer and Wright (2011) reported that the recall of the search strategies ranged from 0 % to 87 %, and precision from 0 % to 14.3 %. The final search string retrieved 13 out of 15 control papers which gives recall of 86.66 %. The final search string achieved precision of 0.52 % (13 out of 2500 papers, excluding duplicates). Both precision and recall scores are in range with the findings of Beyer and Wright (2011) . The fact that two of the control papers were not captured by the final search string confirms the observations by Wohlin and Prikladnicki (2013) that using single search strategies leads to missing studies. Therefore, we combined database searches with snowball sampling.
Inclusion/Exclusion Criteria
The inclusion/exclusion criteria were derived and piloted. These criteria were applied simultaneously on studies to make sure we only include studies that pertains to SE domain and not, for example economics, management or psychology, see Table 2 .
The selection of studies was accomplished independently by the two first authors, applying the inclusion/exclusion criteria. In case of uncertainty, the authors included the papers to next step in order to reduce the risk of excluding the relevant papers as suggested by Petersen and Ali (2011) . Kundel and Polansky (2003) was calculated at multiple steps in order to check the agreement level between the authors. First, the Kappa coefficient was calculated on a 10 % randomly selected sample of titles and abstracts and it was found to be 0.37. After discussing and resolving the disagreements, the Kappa value increased to 0.91. Second, Kappa was calculated on a sample of randomly selected 50 % of papers included into the full text reading phase while applying inclusion/exclusion criteria. Disagreements were identified as the Kappa value (0.48) was found to be below the substantial agreement range. Consequently, after discussing and resolving disagreements (Petersen and Ali 2011) , the kappa value increased to 0.95. It is to be noted that the inclusion/exclusion criteria was applied simultaneously. However, for exclusion it is enough when one exclusion criterion holds. 
Data Extraction and Synthesis Strategy
The data extraction properties outlined in Table 3 were discussed and finalized beforehand. Moreover, a spreadsheet was created for the data extraction properties and also mapped with research questions, see Table 3 . The first author performed the data extraction, supervised by the second and the third authors. The extracted data was synthesized by performed thematic analysis based on the guidelines by Cruzes et al. (2014) . First, we identified patterns in the data and then grouped those patterns into distinct themes. Second, in order to check the trustworthiness of each paper, we used rigor and relevance criteria which helped us identifying whether or not results are generalizable to the software industry, see Section 4.3.
Quality Assessment with Respect to Rigor and Relevance
We used the rigor and relevance assessment checklist by Ivarsson and Gorschek (2011) . Two researchers reviewed the ratings and data extraction to ensure objectivity. Each paper was assigned a score using objective criteria tailored for this mapping study, see Appendixes A.1 and A.2. The idea behind investigating rigor and relevance resembles the use of a rubric based evaluation in education (Ivarsson and Gorschek 2011) . Previous studies (Jonsson and Svingby 2007; Moskal et al. 2002) have shown that rubrics of inter-rater agreement between researchers.
Rigor can be defined as "the research methodology is carried out in accordance with corresponding best practices" (Ivarsson and Gorschek 2011) . Ivarsson et al. (Ivarsson and Gorschek 2011) state that rigor has two dimensions: following the complete reporting of the study, and best practices. Through aggregating study presentation aspects from existing literature, they defined rigor as the degree to which study context (C), design (D), and validity threats (V) are described. All facets are rated on a scale, i.e. weak, medium, and strong description, see Appendix A.1.
Relevance deals with the impact of a study on industry (Ivarsson and Gorschek 2011) . It consists of manifold aspects, namely, relevance of the topic studied (Sjøberg et al. 2007 ), ability to apply a solution in a real world industrial setting with degree of success (Zelkowitz et al. 1998) , use of research methods that facilitate industrial realism (Sjøberg et al. 2005) , and provision of a realistic situation in terms of users, scale, and context (Ivarsson and Gorschek 2011) . We followed the suggestion of Ivarsson and Gorschek (2011) to decompose rigor into: users/subjects (U), scale (S), research methodology (RM), and context (C), see Appendix A.2.
Validity Threats
This section highlights the validity threats associated with the systematic mapping and how they were addressed prior to the study in order to reduce their impact (Runeson et al. 2012) .
Internal Validity
The key idea behind conducting the systematic mapping study was to capture available literature as much as possible without introducing any researcher bias thereby, internal validity seem to be a major challenge for the study. In order to address the internal validity concerns, a review protocol was created beforehand and evaluated by three researchers, which took on roles of quality assurance as well. The internal validity is enhanced by following the systematic mapping guidelines (Petersen et al. 2008 ) and the guidelines for quality assessment criteria (Ivarsson and Gorschek 2011) .
Construct Validity
Construct validity refers to the presence of potential confounding factors and whether or not a study was able to capture what was intended in terms of aims and objectives. One important concern for this study was the multiple definitions of OI. In order to minimize this threat and build on solid foundation, Chesbrough's concept of OI is adopted (Chesbrough 2003) .
External Validity
External validity refers to the ability to generalize the results to different settings, situations and groups. The majority of the studies fall into the case study category with high rigor and relevance, see Fig. 6 . Moreover, many studies were conducted in industrial contexts, hence, the results are more general and industry relevant.
Reliability
Reliability is concerned with to what extent the data and the analysis are dependent on a specific researcher. Multiple strategies were taken into account in order to enhance reliability. First, there is always a risk of missing out on primary studies with a single search string for all selected databases. Therefore, 15 control papers were identified through forward snowball sampling to verify the precision and recall of the search string. However, this only minimizes the selection bias that may impact further research steps. We believe that the potential effect of this bias have a lesser importance in mapping studies than in SLRs. To further substantiate the search process, backward snowball sampling was applied and resulted in additional studies pertaining to the context of OI in software engineering (see Fig. 1 ).
Second, quality assessment of the identified studies is sensitive on interpretation. Therefore, rigor and relevance criteria were applied to increase the objectivity of this step. The evaluation was performed by the first author and reviewed by the remaining authors. Moreover, we created a data spread sheet and mapped research questions with the data extraction properties in order to comply with the objectives of this study. Besides, all studies were rated according to the rigor and relevance criteria tailored from Ivarsson and Gorschek (2011) and data extraction properties from each paper were reviewed by two researchers in the study.
Results and Analysis
In this section, the results of the mapping study analysis are reported. We give an overview of the time distribution and then categorize the studies based on research methodology used. An analysis of the themes studied is reported, followed by a detailed description of each theme.
Distribution of OI Studies
33 primary studies about OI in software engineering were found, distributed by their publication year in Fig. 2 . The scholarly interest in OI seems to be growing at a steady pace since its introduction in 2003 with a maximum annual rate of 8 studies published in 2009. However, the trend declines after that, and it it hard to assess why, since the interest in OI seem to grow in general (Huizingh 2011 ).
Categorization Based on Research Methodology
Primary studies found are categorized into the research methodology (i.e. case study, experiment, survey etc) and type of the study (i.e. evaluative, proposal, solution, opinion etc) dimensions. The horizontal axis in Fig. 3 represents research methodologies defined by Runeson et al. (2012) and vertical axis represents the classification of studies established by Wieringa et al. (2006) . Evaluations, using case study research methodology dominate among the identified papers with 20 papers, among which two were interview studies that we consider qualitative case studies. Evaluations, using survey research methodology was found in 7 papers. We classified only 2 papers in each of the framework-proposal and case study-proposal categories. Finally, the categories case study-validation and tool proposalsolution received only 1 paper each and no papers were identified in the case study solution category.
Thematic Analysis
The main objective behind conducting this analysis is to find the recurring themes in the identified primary studies. Based on the guidelines provided by Daniela and Dybå (2011) , Cruzes et al. (2014) , we performed the following analysis steps:
1. Extract data from the primary studies 2. Identify the interesting themes from the data 3. Group the themes into the distinct categories Wieringa et al. (2006) 4. Assess the trustworthiness of the identified themes using rigor and relevance criteria The resulting 9 themes of OI in software engineering are depicted in Fig. 4 . Figure 5 provides a more detailed view on the identified themes using the mind map technique, where the 33 primary studies are referred to as S 1 to S 33. The rigor and relevance analysis is performed and its results are visualized in Fig. 6 . Details on the primary studies and the rigor an relevance scores are reported in the appendix, Table 7 . The rigor and relevance scores are used to find the evidence in favor and against OI in SE (research question RQ2). The results from less relevant and less rigorous studies have weaker empirical support than those stemming from highly relevant and rigorously conducted primary studies. There can also be promising highly relevant studied that were conducted with low rigor.
Studies are organized into four quadrants (A, B, C and D) according to their rigor and relevance scores. The procedure for classification was as follows:
1. Studies with the score from (0-1.5) are considered as low rigor, while high rigor is defined for a score of 2 or above. 2. Studies with the score from (0-2) are considered as low relevance, while high relevance covers scores from 2.5 or above.
We classified 17 studies as having the highest rigor and relevance, see area A in Fig. 6 , and these results are the most trustworthy. Moreover, we classified 12 studies into C category of studies with high relevance but low rigor. On the other hand, categories B and D contain two studies each and in for both categories the relevance scores were higher than the rigor scores, see Table 7 . The identified themes are are presented in the subsections below, sorted according to the number of categorized studies. 
OI Strategies/Instruments
The software industry is characterized by frequent technological changes which force large incumbent firms to more rapidly innovate their strategies to sustain their current revenue levels. OI strategies focus on how innovation networks and strategies can be used to participate, orchestrate or govern this technologically unstable environment.
Research and development (R&D) collaboration strategies seem to help organizations to attract and establish communities and to stay competitive. This strategy is also visible among the firms that adopt OI to enhance their innovation process in nine primary studies (S 3, S 5, S 6, S 13, S 15, S 19, S 25, S 26, S 29). Six out of these studies (S 3, S 6, S 13, S 15, S 25, S 29) were conducted with high rigor and relevance, see category A in Fig. 6 . The remaining three studies (S 5, S 19, S 26) were classified into category C which indicate that the studies have relative low rigor but still their results are highly relevant.
Looking at the primary studies with high rigor and relevance scores, the results of one study (S 3) indicated that firm's human capital affects the adoption of OI business strategy among the Finnish software companies. Consequently, the companies that have larger academically educated staff more often apply OI business strategies. Harison and Koski (S 3) stated the reason for that is the ties between the OSS communities and universities. Smaller companies (start-ups) tend to apply more open innovation strategies compared to large and older firms. This interpretation seems reasonable since smaller companies often leverage OSS to acquire knowledge and substitute of a comparable depth as for the in-house R&D capabilities that they lack. Overall the results suggests that a more positive attitude towards openness enables firms to better share in the benefits of open innovation processes (S 6).
In a study about implementing a private collective model at Nokia (S 13), a number of mitigation strategies were adopted. Nokia had the evidence of their competitors using their source code, therefore, they partially revealed their source code to retain control and information, and future plans leakage was protected through non-disclosure agreements. Moreover, the development control was compromised by involving communities, hiring key developers and upstream participation, which resulted in no single vendor being able to control the platform. Besides that, Nokia opened up and communicated the structure of its internal processes.
Dahlander and Magnusson (S 15) highlight that in order to address the emerging challenges of the public-private development model, such as attracting outsiders to work in their community, companies are releasing the code under open source licenses and in this way are establishing new communities or using existing communities. At the same time, companies often adopt licensing practices that clarify ownership, devoting resources to evaluate source code and give feedback on source code to communities.
One of the main conclusions of Grøtnes' study ( Similarly, Deutsche Telekom (S 25) used Foresight workshops, executive forums, Customer integration, Endowed chairs (opening doors to academia world), Consortia projects (cost sharing of complex projects), Corporate Venture Capitalist (window to innovation in the start-up community and technology sourcing through co-investing), Internet platforms, Joined development, strategic alliances, spin-outs (external commercialization of internal R&D results in technologies, products or services) and test market (equipping a city with next generation infrastructure) to take advantage of open innovation, see Fig. 5 .
Looking at the studies performed with less rigor, West and Gallagher (S 5) argued that companies employing strategies such as pooled R&D/product development (firms sharing the R&D), spin-outs and selling complement and attracting donated complements, easier overcome the following challenges: 1) the generation and contribution of external knowledge (motivating), 2) incorporating the external innovation into firms resources and capabilities (incorporating), 3) diversifying the exploitation of intellectual property (IP) resources (maximizing).
The most noted example of pooled R&D is the Mozilla project, initiated by Netscape in response the competitive pressure from Microsoft Internet Explorer (IE). Vendors such as IBM, HP and Sun needed a Unix-based browser to increase sales of Internet connected workstations and therefore donated some of their IPs to the open source development lab (OSDL), while exploiting the common advantages of all the contributors to expedites the sale of related products. Similarly, spin-out (shared R&D between firms and a community) can also release the potential IP from the firm that is not creating the value anymore. Thereby, the firms transform internal development projects to externally visible open source projects.
Consequently, the donated IP generates demands for other products and services that the (donor) firms continued to sell. An example of a spin-out is when IBM promotes the Java programming language, developed by Sun Microsystems to compete with Microsoft. IBM was still able to generate revenue from sales of hardware and supporting services in the Java world. Selling complements is used by firms to build upon the already existing products and succeed through differentiation strategy and in contrast, donating complements are more feasible when selling to technically professional buyers, capable of making modification and improvements, such as hobbyist programmers or corporate engineers.
In addition, Dittrich and Duysters (S 19) also addressed the difference between exploration (seeking radical innovation) and exploitation (seeking incremental innovation) strategies adopted by firms to sustain their position in rapidly changing technological environments. Exploration networks make use of flexible legal organizational structures, whereas exploitation alliances are associated with legal structures that enable long-term collaboration. Nokia followed an exploitation (incremental innovation) strategy in the development of the first two generations of mobile telephony devices, and an exploration (radical) strategy in the development of technologies for the third generation. Such inter-firm networks seem to offer flexibility, speed, innovation, and the ability to adjust smoothly to changing market conditions and new strategic opportunities.
While studying the case of embedded Linux (S 26), Henkel found that hobbyists and developers in universities reveal nearly all of the code in contrast to companies. In particular, the more important it is to obtain external development support, the more code the respective firms reveal.
Challenges
This theme highlights business and process related challenges (S 4, S 9, S 12, S 13, S 14, S 15, S 21, S 24) faced when firms try to adopt open innovation, summarized in Table 4 . Business related challenges refer to business strategy (S 9, S 13, S 14), entry barriers (S 15, S 21) and governance (S 12, S 24). Governance refers to establishing measurement and control mechanisms to enable project managers and software developers within the communities as well as others within a software development organization, to carry out their roles and responsibilities (Chulani et al. 2008) . Process related challenges consider hinders in strategy realization.
Business and process level challenges are considered to be major hindering factors for the adoption of OI. Finding the right balance between contributing to community and reaping benefits is tough, and thus results in unclear business strategies (S 14). One of the biggest concerns is the difficulty in differentiation if a firm indulge itself in an OSS solution and guard its business secrets because its competitors have the same solution available for their products (S 14). Other challenges are: managing the conflicting needs (S 9) of all players involved in the process, aligning the firm's strategy with community (S 15) and achieving a common vision (S 12). Even if a firm has a clear business strategy to resolve the often conflicting stakeholders' needs, the challenge of community build up and survival remains (S 21). Therefore, firms and communities need to find the right balance of governance (S 13).
On the other hand, process related challenges are negatively impacting OI. For instance, Conboy and Morgan (S 4) suggest that agile and OI do not get along well, especially when dealing with the management of innovative requirements and release planning. Agile requirements backlogs do not have room for innovative requirements since short iterations, a feature backlog and stand up meetings make it extremely tough to play around or share ideas outside your team. The lack of control over release planning was also pointed out as a challenge in a study (S 11), for example, sometimes it is a better business decision to adopt the open source code, perform minimum changes, and sell it instead of spending time on developing differentiation features. This raises a question whether or not firms should have a separate requirements management process for innovative features (S 11), but nevertheless there is an inherent complexity in requirement management process while managing innovative features. Further process challenges include the lack of clear roadmaps for product highly dependent on OSS platforms and overcoming the "not invented here" mentality. The majority of the primary studies highlighting the challenges lies in categories A (S 15, S 13, S 14, S 24) and C (S 4, S 9, S 12) suggesting that results are highly relevant to industry. Only one study (S 21) was categorized in category D.
Benefits
This category highlights the OI adoption benefits in terms of positive impacts associated with the inside-out, outside-in, coupled processes and the private collective model (S 10, S 12, S 13, S 20, S 23, S 24, S 26, S 31). The benefits are summarized in Table 5 . As far as the strength of evidence is concerned, five papers (S 10, S 13, S 23, S 24, S 31) lie in category A and two studies (S 12, S 26) fall into category C. The fact that only one study (S 20) has low rigor and relevance suggests that the identified OI adaption benefits are highly relevant for industry.
The benefits are divided into the process and business related, see Table 5 . OI allows firms to find a pool of skilled labor outside their boundaries without a significant cost. This external labor provides feedback and enables knowledge exchange between the community and the firms (S 12). Organizational learning is another important benefit, where OI often gathers diverse people with similar interests, adding more heterogeneous viewpoints to ideas (S 12). However, it is to be noticed that OI does not help with initial conception of an idea; rather it acts as a catalyst for ideas, and might also result in the idea realization. Consequently, OI provides opportunities to offer more choices to consumers and possibly broaden the firms' offerings. Furthermore, knowledge sharing and exchange lead to avoidance of duplicate work and encourages software reuse. Analyzing behavior of firms unveil that one third of the firms reveal no source code at all, and another one third of the firms reveal an amount between 0 to 100 %, while the remaining firms reveal all their source code. Customer demands are reported as the key factor that causes the firms to reveal the source code (S 31).
OI also brings business advantages, outlined in Table 5 . OI involvement enables efficient development processes (S 12), reduces development cost (S 12), and increases innovation capacity (S 12). OI can also help to reduce time to market and can permit firms to build and maintain a good repute from code revealing (S 13), public success stories and innovation culture (S 20). Finally, findings suggest that by being open, companies can significantly increase their competitive advantage and managers from the companies that are not market leaders may consider it as the competitive weapon against their competitors (S 12).
Enabling OI Communities
This theme refers to communities as distributed groups of individuals aiming at solving a general problem and/or developing a new solution supported by computer mediated communication. The solutions developed in the community can be used in conjunction with the firms' internal capability to develop competitive services and products. In particular, this theme uncovers strategies adopted by firms to use communities as complementary assets, positive impacts of the community on firms' innovation and challenges associated with it (S 1, S 6, S 8, S 21, S 33), see summary in Table 6 .
As can be seen in Table 6 , firms exploiting communities in their innovation process not only gain a good reputation but also influence the direction of development and legitimate the use of projects (S 1, S 6). Having an employee in the community seems to be the key enabler of these advantages. Thus, companies use employee referrals or offer individuals monetary rewards to exploit communities. Besides, initiating OSS projects is an alternative way for attracting pragmatic OSS developers (S 6).
Using the wisdom of crowds, and direct articulation of user wishes (S 8, S 21) help organizations receive new features from communities instead of extensions of already existing features. Albeit OI can bring benefits to both small and large companies, small firms with limited resources exert a ceiling effect on community involvement. OI should, in those cases, be used as a complementary asset to accelerate internal innovation and R&D processes of the organization (S 33). On the other hand, OI does have its cost when companies might procure the outcome of the community participation, but at the same time not be willing to devote their best resources to work in the communities (S 1, S 6). In addition, it remains unclear how to orchestrate or stimulate debates within communities, thereby making it hard for firms to achieve their goals. Consequently, too open behavior might be potentially harmful and contributions without selective revealing strategy could entail significant cost in terms of programming resources and loss of strategic assets that may result in decreasing returns (S 21, S 33). As far as the trustworthiness of results of these studies is concerned based on rigor and relevance (see Fig. 6 ), 5 studies (S 1, S 6, S 8, S 33) lie in category A except for one study (S 21) in category D.
Managerial Implications
This category includes six studies that focus on the recommendations for managers how and when to indulge in open innovation, in order to increase firms innovative performance (S 7, S 15, S 17, S 22, S 32, S 33), see Fig. 4 . The primary study (S 17) suggests that firms working in open source settings can pursue differentiated strategies to achieve openness, without really distancing their developers from the communities. The openness is most realized at the component level and differs significantly between software and hardware components. Openness of software seems to be more important to the community than openness of hardware. Thus, companies may get involved in open source software initiatives and secure their competitive position by capturing more value or differentiation in hardware. Managers could enhance the degree of innovation and performance of their firms in a number of ways. Among them, firms should consider getting access to skilled resources, and learning by encouraging their employees to participate in the communities, instead of free riding (S 33). Moreover, firms operating in hostile environments, motivate managers to draw knowledge out of end users and communities (S 32). However, most often it is not a straightforward decision for managers to participate in communities or draw knowledge from end users. A survey conducted in Dutch software industry revealed that managers are confronted with too little available time, resources, lack of commitment, and often the wrong strategy to indulge themselves in the communities (S 22). Furthermore, firms need to develop sufficient absorptive capacity to benefit from external knowledge and to find interesting tasks for community participants to keep them motivated (S 15). To underline the strengths of the evidence, Fig. 6 depicts four studies (S 17, S 33, S 32, S 15) classified in category A with high rigor and relevance, while two studies (S 7, S 22) fall in category C that have high industry relevance but relatively low rigor.
OI Models/Framework
This theme includes the models or frameworks (S 7, S 11, S 13, S 20, S 27). Two studies (S 27, S 13) lie in category A (high rigor and relevance) and three studies (S 7, S 11, S 20) fall into category C, B and D respectively, see Fig. 6 . Jansen et al. present an open software enterprise model (OSE) for determining the openness of a software producing organization (S 27). An organization can choose to be open on both supply and demand sides of the supply chain. This happens typically by opening up development on the side of software developers and contributors, or opening up service delivery on the side of service partners who deploy, configure, and service the software platform produced by the organization. However, the paper lacks clear guidelines how to execute these activities using software engineering techniques or processes.
Stuermer et al. (S 13) focuses on the private-collective innovation model which proposes incentives for individuals and firms to privately invest resources to create public goods innovations. Such innovations are characterized by non-exclusivity and non-rivalry in consumption. Stuermer et al. examined Nokia's Internet Tablet development and identified five hidden costs: difficulty to differentiate, guarding business secrets, reducing community entry barriers, giving up control, and organizational inertia.
Ebner et al. (S 7) highlight the idea of competition as a method to nurture a virtual community for innovations. Similarly, Wnuk et al. (S 11) proposed a software engineering framework, designed to foster open innovation by designing and tailoring appropriate software engineering methods and tools. The framework is divided into the technical (e.g. requirements engineering, software design, development and testing techniques etc.) and methodological dimensions. Singer et al. (S 20) envisions a 7 step innovation process as a conceptual solution. The process covers an idea life-cycle from its creation to its realization and is exemplified on an IT-related example.
Degree of Openness
Openness of a software producing organization is explicated by revealing proprietary information. Existing and potential intellectual property rights are voluntarily given up to the interested parties in order to make them accessible. This theme comprises three studies that not only contain different forms of open strategies (S 16, S 17), but also present an open enterprise software (OSE) model developed in order to assess the openness of organizations (S 27). West (S 16) claims that proprietary platforms are more suitable for market leaders and open standards are more feasible when propriety strategies fail. Besides, differentiation can be achieved through opening some parts, by disclosing technology under such conditions that it will only provide value to customers, without really giving away the advantage to competitors. Open source provides direct benefits to many users who lack the requisite technical skills to do their own development. Balka et al. (S 17) state that transparency, accessibility and replicability are important to open design communities. They present an open software enterprise model that suggests that openness can quickly create critical mass of developers or partners around the software product, if the surrounding partners are prepared to enter in the ecosystem in any of roles, such as developers, values added resellers, service partners or customers. However, Balka et al. also suggest that openness is not always beneficial to the organization and mention the role of partnerships in software producing organizations as a form of openness (S 17). It is also noticed that openness often leads to creation of new business models. All above mentioned results carry more industry relevance, since two studies (S 17, S 27) lie in category A, and one study (S 16) in category C with high relevance and low rigor.
Intellectual Property (IP) Strategies
This theme refers to strategies used by firms to share IP among stakeholders in the OI context. Rayna and Striukova (S 18 ) investigated open source vs. patent pools as innovation structures, however the study has low relevance according to Fig. 6 . Patent pools are comprised of multi-party ownership and include not only current patents, but may also include future changes to these patents. Typically, all patents in a patent pool are available to each member of the pool. In contrast, the open source structure is based on the copy-left paradigm instead of intellectual monopoly rent paradigm, where the source code as well as any subsequent modifications and improvements are released, not only to the members of the project, but to the whole community. This study (S 18) compares two OI structures in terms of risks, cooperation, financial/non-financial benefits, standards and their feasibility.
Rayna and Striukova (S 18) argue that patent pools and open source have common risks and benefits. For instance, the key risks are associated with intellectual property right (IPR) infringement, bad publicity and discouraged further investment. On the other hand, benefits can be reaped in terms of decreased R&D expenditure and transaction cost, access to skilled resources and increased future business opportunities and reputation. Besides that, open source is exclusive in application but universal in access while patent pools are universal in application but exclusive in access. Therefore, it is more suitable for large companies to initiate or adopt patent pools compared to small companies or start-ups. Small companies may find additional benefits in terms of having a chance to set a standard in open source and give them access to highly skilled work force, and thereby reduce the development cost. Finally, patent pools are often formed based on prior knowledge unlike open source that generates new knowledge based on skills and competences.
OI Toolkits
This theme includes the toolkits developed in order to involve end users into firms' internal innovation process. Given that international firms often operate in hostile environments, limited evidence (S 2, S 28, S 32) was found related to the use of user innovation toolkits and its impacts on firms innovative performance. As far as the strength of evidence is concerned, one study (S 32) was found in category A and remaining two studies (S 2, S 28) fall into category C, see Fig. 6 . Wang et al. concluded that innovation toolkits improve the innovation outcome and productivity for users with knowledge and experience. We identified only one toolkit, namely INOVEX (S 28), that is used by software producing organizations to extract knowledge from end users. When it comes to utilizing the end user knowledge, evidence suggests that larger firms seem to exploit end users online less than the smaller firms (S 32). This could be due to the fact that small firms are having more open search strategies caused by a lack of skilled resources and the need to reduce the development cost.
Discussion
The synthesized evidence in this study suggests that smaller companies (start-ups) have higher tendency to adopt OI compared to incumbents. This trend makes sense when we consider start-ups engaging themselves in OSS solution in order to quickly acquire knowledge and R&D capabilities. OI provides initial financial gains for small companies, but also limits their financial performance when the level of participation increases above the average. Thus, in order to reap the financial benefits, it seems important to have high absorptive capacity to properly catch the technical know-how from the available knowledge. Large companies should encourage their developers to participate in communities for improved knowledge sharing and for obtaining heterogeneous viewpoints on ideas.
The primary studies classified in the OI strategies category (Section 4.3.1) indicate that both small and large companies explore the OI potential, but in different ways. For smaller companies, adapting OSS solutions seems to provide the most benefits, while larger companies also benefit from adapting their code ownership strategies and internally adapt OSS practices via so called inner-sourcing (Höst et al. 2014 ). Therefore, it is possible to hypothesize that larger companies should dedicate more effort into the OI strategies and options analysis. Moreover, companies that own implemented assets have more possibilities to capitalize their innovative potential via OI strategies, than companies that have no implemented assets. Still, for companies owning only intangible innovations, there exist strategies to share these assets via, for example, pooled IPR forums.
The primary studies summarized in the enabling communities for open innovation category (Section 4.3.4) lead to an interpretation that communities offer significant benefits that companies should exploit. In particular, it seems that initiating OSS projects is equally important from the OI perspective as joining or governing an OSS project or the entire ecosystem. It remains an important aspect to further explore what strategy is optimal, given the company's size, domain and product characteristics. Furthermore, our results suggest that firms are able to influence the direction of development (governance) in communities to some extent, with one exception. Companies that sponsor individuals in their involvement in OSS projects were not able to effectively stimulate or orchestrate debates in these projects, mainly because communities believe that companies have their vested interests in participation. This could explain the difference between OSS and OI well, where in OI organizations decide to open up when they see a potential benefit in opening up, while in OSS the community contributes with the mind set of free software ideology without expecting any benefits in return.
The results regarding the interplay between OI and agile methods provide interesting interpretations. It seems that openness is often compromised due to lack of transparency between competitors, and even business units within an organization. Combining agile and OI seems to create barriers in transferring the ideas outside the team's boundaries, primarily due to the use of short iterations, minimum documentation, stand-up meeting, and a feature backlog that reduces the amount of time you can spent trying new things or sharing ideas outside your team. The resulting lack of overall R&D group overview disables the innovation opportunities when using agile practices (S 4). Further, the introduction of agile with OI caused a rapid decline in teams attending R&D meetings, due to the lack of tolerance for prolonged meetings as stated by senior anonymous developers, using the old plan-driven approach we would have been going to meeting after meeting, but since going to agile, every minute you spend in one of these meetings you just think about all of the work not being done (S 4).
To further demonstrate the challenges of OI in the agile context, developers quoted that on-site customer practice seem to be the most telling barrier since you feel accountable to person there at all time and its harder to justify taking a half day out to sit with folks in other projects for benefits of other customers. At the same time, managers experienced lower quality of ideas due to focus on daily work.
Managers can enhance the financial situation and innovativeness of their firms, by encouraging their employees to participate in communities. To gain further advantage, managers can consider the learning and resource advantages attached to community participation, instead of just free riding. The identified evidence suggests that participation is more strongly related to the performance of those firms that exhibit high level of social participation. However, the literature also underlines the inherent complexity for organization to initiate, build and nurture an external community as a complementary asset to their internal R&D process. To be more specific, managers have too few resources available in order to indulge them in communities. This may lead to too little time and commitment to make significant contributions in these communities.
Business strategies also play an important role in embracing open innovation, thus companies can pursue differentiation strategies with the controlled degree of openness. Nonetheless, transparency and accessibility are important factors when talking about openness of firms. Consequently, from the firms' point of view, OI does not substitute the already existing R&D process, but it complements the existing internal innovation processes.
Regarding OI models or frameworks, fostering competing ideas seems to be promising. At the same time, companies may use social networks to lower the hurdle of sharing ideas, but since the primary study (S 20) presents preliminary work and therefore lacks rigor and relevance, more empirical research is needed to ensure that. Similarly, the framework presented by Wnuk and Runeson (S 11) is preliminary and lacks specific guidelines about which SE techniques are applicable for which contexts.
When it comes to the benefits and challenges of applying a collective innovation model (S 20) there is a need for further studies that directly connect benefits and challenges with SE techniques, as the current evidence is incomplete and largely anecdotal. Similarly, Jansen et al. (S 27) describe in great detail what to do rather than how to do it, especially on the operational level, where appropriate SE techniques can provide great support. To summarize, there seems to be a lot of interesting techniques or processes that foster OI, but the ways how to operationalize them remain unspecified and requires further research.
When looking at the results in the IP strategies theme, it appears that patent pools is an alternative solution for the companies that may not necessary have innovation implemented in software (S 18). Both patent pools, and OSS share many benefits and challenges, but differ in that OSS provide universal access but is exclusive in application, while patent pools restrict the access but enable application. Thus, large companies should use their IPR capital for enabling OI via patent pools.
The results indicate little research focus on the OI toolkits since only one toolkit was found among the primary studies. Moreover, primary studies suggest that extensive experience is required to unlock the full potential of these toolkits. Therefore, it remains to be explored how to enable less experienced practitioners to be more innovative and in this way to leverage their innovative potential. We believe that enabling newcomers is important to fully benefit from OI, since many OI contexts are characterized with high turnover for contributors that often contribute once in a project.
Implications for Research and Practice

Research Agenda for open Innovation in Software Engineering
In line with the advice by Kitchenham et al. (2011) , we use the systematic mapping study to derive an agenda for further research. We interpret the increased scholarly interest in OI since the launch of Chesbrough's book in 2003 as a sign of increased importance of OI. Still the number of publications that focus on OI in SE remain small and therefore we believe that focusing on OI in SE should be highlighted on the research agenda in SE. In particular, based on the results our interpretation, the following areas should be put on the research agenda:
-Further exploring suitable software development methodologies that foster OI. The results outlined in Section 4.3.2 suggest that combining agile and OI provides additional challenges that may have a ceiling effect on the potential benefits from OI. Thus, it is important to direct research efforts into better understanding of which development methods or processes best suits OI and what changes need to be implemented to unlock OI's full potential. -Providing clear managerial guidelines on how to adapt OI depending on the context factors, with a special focus on which SE techniques, processes and methods can be applied depending on the selected managerial strategy. In this way the findings reported in Sections 4.3.1 and 4.3.5 will be complemented by guidelines on the operational level to form more complete solutions for adapting to OI. -Exploring the balance between community involvement and in-house SE activities.
This study identified several benefits from OI and OSS community involvement, see Section 4.3.3. However, the process-related benefits should be further explored, with a focus on uncovering where involvement brings most benefits. In particular, the role of OI involvement in improved testing remains unexplored, where we believe that OI provides not only significant reduction of the test effort but also can be a source of innovation. We base this assumption on a premise that testing uncovers unexpected behavior of software, which could be inspirational in the innovation process. -Focusing on the role of requirements engineering in OI both during and beyond innovation discovery. OI offers access to a wide and heterogeneous communities of potential stakeholders which puts pressure on the current techniques for key stakeholder identification and domain understanding. Advances in current techniques are required for supporting the identification of commodity and competitive advantage requirements sources. Beyond innovation discovery, there is a need for a decision making support that can combine both strategic and operational levels and provide run-time requirements triage support for capturing and incorporating OI potential into product planning and requirements decision making. Despite that, researching if unimplemented requirements that represent valuable IPRs, can be shared with others in a similar way as for example patents, and what benefits this approach brings is important. -We encourage researchers to develop and publish more solution and validation research in OI as these remain underrepresented, see Fig. 3 . The large number of evaluation research is definitely positive but, at the same time, highlights the immaturity of the OI in SE research area. Thus, more solutions in terms of tool proposals or frameworks and their validations are needed to advance to the next maturity level.
Implications for Industry Practice
Although we summarize the empirical evidence in the field of OI in SE being scarce, there is some evidence that may be used to guide software companies in their innovation strategies:
-The identified conflict between agile and OI principles should be given special attention. Agile principles focus developers attention and communication in order to meet specific project goals. However, the innovation process benefits from the noise of leaks in the information flow from multiple sources, internal as well as external. Companies should make sure that this information flow is regained, using other practices. -Open innovation strategies seem to be more beneficial for smaller and newer actors in a market. They may apply OI and thus can gain significant competitive advantage against competitors by more quickly absorbing potential innovation. However, there are also examples of major corporations that manage a software ecosystem, based on open or semi-open innovation. The take-away for companies is that they need to define and monitor their OI strategy to make sure their actions are relevant, given their current and future expected market position. -An implication for industry, based on the literature findings, is that OSS and OI is not for free. In order to gain the full and long term benefits from OI, companies must invest in the open communities, and since these are complex networks with a multitude of actors, these companies must have a clear resources investment plan, just as they need for closed innovations. -IPR management is different for OI. The studied research recommend large companies using patent pools to manage their IPR capital in relation to the open innovation community.
Conclusions
Open innovation (OI) becomes significantly important for companies developing softwareintensive products and services. It provides several benefits that force these companies to re-think and often significantly change their current innovation strategies. The external availability of innovations combined with the flexibility of their realization generate new opportunities for providing value to the customers. OI pushes software industry into a new ground where well-known and checked software development and management strategies need to be revisited. At the same time, OI remains greatly unexplored in the SE literature, focusing greatly on exploring OSS, resulting in a lack of systematic efforts to summarize OI literature in relation to software engineering. We conducted a systematic mapping study on open innovation in software engineering with the aim to identify the existing themes in the literature and evaluate them based on the rigor and relevance analysis.
Answering research question RQ1 we identified nine OI themes. The dominant themes are related to OI strategies, OI challenges and benefits, enabling OI communities, managerial implications of adaption OI and OI models or frameworks. The degree of Table 7 Rigor and relevance scores with category Our findings for RQ2 suggest that the majority of the studies is conducted with high rigor and high relevance (17 out of 33) and as many as 29 out of 33 were considered industry relevant. This strongly indicates that OI in SE is industry practice oriented. Further, 27 out of 33 studies are of evaluation type, which is unusually high for a mapping topic. Therefore, we encourage more solution and validation research, see Table 7 . The high rigor and relevance scores also imply generalizability of the results derived from thematic analysis in answer to RQ1.
This mapping study leads to a proposal to further explore the SE in OI field in terms of development methodologies that interplay with OI, situated managerial guidelines for OI adaptation, as well as exploring the balance between open community involvement and inhouse development. Specifically, the roles of testing and requirements engineering in OI remain unexplored.
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